Raman measurements on TbVO 4 show the occurrence of three pressure-induced phase transitions. The first one, an irreversible transition from the zircon to the scheelite structure, occurs beyond 6.7 GPa. In addition, two reversible transformations take place at 26.7 and 34.4 GPa. The last transition was never reported before. The experimental findings are supported by structural and lattice-dynamics calculations that helped us to identify the post-scheelite phase as a monoclinic fergusonite structure. According to the calculations, the third transition involves a symmetry increase. An orthorhombic structure is proposed for the phase found above 34.4 GPa. The results have been compared with previous studies in TbVO 4 and discussed in comparison with related compounds. The calculated equations of state are reported for the different polymorphs of TbVO 4 . A compressibility increase is caused by the third transition. It is associated to a bond-strength decrease, which is related to a coordination increase and a delocalization of Tb f-electrons.
Introduction
Orthovanadates are technologically important materials with applications as scintillators, thermophosphors, or photocatalysis materials, in lithium ion batteries, and in cathodoluminescence [1, 2] . In particular, as photocatalysts they have attracted considerable research interest due to potential applications in renewable energy and alternative green technology [3] . Orthovanadates are also used as laser-host materials when doped with trivalent impurities due to their high-optical conversion efficiency, high birefringence, and good thermal conductivity [4, 5] . In addition, because of their luminescent properties, chemical stability, and nontoxicity, orthovanadate nanoparticles can be used in biomedical applications [6] . Finally, rare-earth vanadates also show interesting structural and magnetic transformations at low temperatures [7] and a few are incomparable undergoing Jahn-Teller distortion [8, 9] .
AVO 4 (with A = Y, Sc, Bi, or a trivalent lanthanide) oxides, including TbVO 4 , mostly crystallize in the tetragonal zircon-type structure (space group: I4 1 /amd, Z = 4) [10] with few exceptions like LaVO 4 , which adopts the monoclinic monazite structure [11] . The zircon structure is represented in Fig. 1 . It can be viewed as a network of alternating edge-sharing AO 8 dodecahedra and VO 4 tetrahedra forming chains parallel to the c-axis.
Upon compression most zircon-structured orthovanadates undergo zircon to scheelite (space group: I4 1 /a, Z = 4) phase transitions [12] [13] [14] [15] [16] [17] [18] [19] . However, compounds like CeVO 4 and PrVO 4 experience zircon to monazite (space group: P2 1 /n, Z = 4) phase transitions [17, [19] [20] [21] . Similarly, in phosphates, arsenates, and chromates either zircon to scheelite or zircon to monazite transitions have been reported [22] [23] [24] [25] . In many materials, such transitions have been discovered by means of high-pressure (HP) Raman measurements [26, 27] . Ab initio calculations have also contributed to the understanding of the mechanical and structural properties of zircon-type oxides [28] . One example for these studies is TbPO 4 . In this compound experiments and theory have found a zircon to monazite transition at 9.5 GPa [26, 27] . On the contrary, TbVO 4 undergoes a zircon to scheelite transition at 6.5 GPa [17, 29] . On top of that, a second transition from scheelite to monoclinic fergusonite (space group: I2/a, Z = 4) has been recently reported [17] . All these facts show that zircon-type ABO 4 oxides may follow different HP structural sequences depending upon the selection of A and B cations and the A/B radius ratio [28] and that further studies are needed to better understand their HP behavior.
An additional reason to explore the HP polymorphism of TbVO 4 is that the scheelite-fergusonite transformation is typical of ABO 4 oxides [30] . In fact, it has been proposed that zircon-scheelite-fergusonite (Z-S-F) transitions could be a common behavior followed upon compression by many materials; e.g. YVO 4 and ThGeO 4 [15, 31] . Therefore, a confirmation of the Z-S-F structural sequence in TbVO 4 would be interesting for basic research. In particular, because of the group-subgroup relationship (I4 1 /amd ? I4 1 /a ? I2/a) involved. Additionally, given the symmetry relations between the three crystal structures, it would be interesting for theory to explore transition mechanisms and to try to establish a transformation coordinate able to monitor the Z-S-F sequence.
In this work, we present Raman measurements and ab initio calculations performed on TbVO 4 up to 36.6 GPa. The zirconscheelite-fergusonite structural sequence is confirmed and cevidence of a third transition to a higher symmetry structure found. We report an analysis of Raman-active modes of the different structures which can give clues to understand the pressure-induced transitions in zircon-type oxides. The equations of state of the different phases are also reported. In particular, a compressibility increase is found at the third transition. Possible reasons for it are discussed.
Experimental details
Polycrystalline TbVO 4 used in the experiments was prepared by a solid-state reaction of appropriate amounts of pre-dried Tb 2 O 3 (Indian Rare Earth Ltd. 99%) and V 2 O 5 (Alfa-Aesar 99%). Details of the sample preparation can be found in Ref. [17] . The sample obtained was characterized by powder X-ray diffraction data recorded on a Panalytical X-pertPro diffractometer using Cu Ka radiation. A single phase with the zircon-type structure was confirmed with unit-cell parameters a = 7.166(7) Å and c = 6.317(6) Å.
Two independent Raman experiments were carried out, one up to 26.3 GPa (run 1) and the other up to 36.6 GPa (run 2). In each experiment, a small pellet (40 lm in size, 20 lm thick) obtained from the TbVO 4 sample was used. The pellet was loaded, along with 1-lm-diameter ruby balls, inside a 120-lm-diameter hole drilled on a 200-lm-thick Inconel gasket pre-indented to 40 lm and inserted between the diamonds of a 350-lm-culet diamond-anvil cell. A 16:3:1 methanol-ethanol-water mixture was used as pressure-transmitting medium [32, 33] . The pressure was determined by monitoring the shift in ruby fluorescence lines [34] . HP Raman measurements were performed in the backscattering geometry using a 632.8 nm HeNe laser and a Horiba Jobin Yvon LabRAM HR UV microspectrometer in combination with a thermoelectric-cooled multichannel CCD detector with spectral resolution below 2 cm À1 .
Theoretical method and computational details
Ab initio simulations have been performed within the densityfunctional theory (DFT) framework as implemented in the Vienna ab initio simulation package (VASP) [35, 36] . The program performs ab initio structural calculations with the plane-wave pseudo-potential method. The set of plane waves employed extended up to a kinetic energy cutoff of 520 eV. Such a large cutoff was required to achieve highly converged results within the projector-augmented-wave (PAW) scheme [36, 37] . The PAW method takes into account the full nodal character of the all-electron charge density distribution in the core region. It is known that standard DFT does not work properly for strongly localized f electrons. To deal with this problem, we adopted the standard procedure to treat the f electrons using PAW pseudo-potentials [38, 39] . For the Tb atom, all the f electrons except one are frozen in the core during the pseudo-potential generation. The exchange-correlation energy was taken in the generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) prescription [40] . It is well known that the GGA approach underestimates the cohesion energy [41] (producing an overestimation of the equilibrium volume). We used dense special point grids appropriate to each structure considered to sample the Brillouin zone (BZ), thus ensuring a high convergence of 1-2 meV per formula unit in the total energy of each structure as well as an accurate calculation of the forces on the atoms. At each selected volume, the structures were fully relaxed to their equilibrium configurations through the calculation of the forces on atoms and the stress tensor [41] . In the relaxed equilibrium configuration, the forces were smaller than 0.005 eV/Å, and the deviation of the stress tensor from a diagonal hydrostatic form was less than 0.1 GPa.
Lattice-dynamic calculations of the phonon modes were performed in zircon, scheelite, fergusonite, and the rest of relevant structures at the zone center (C point) of the BZ. We used a direct force-constant approach (or supercell method) [42] . These calculations provide information about the symmetry of the modes and their polarization vectors, and allowed us to identify the irreducible representations and the character of the phonon modes at the C point. In addition, in order to include thermal contributions to the structural stability, the phonon dispersion curves and the phonon density of states (PDOS) were calculated using a supercell (2 Â 2 Â 2) of the conventional unit cell. This procedure allowed the inclusion of temperature (T) effects and the zero point contribution in our calculations.
Results

Raman experiments
Zircon-type TbVO 4 (I4 1 /amd, point group D 4h ) has twelve Raman-active modes at the BZ center: U = 2A 1g + 4B 1g + B 2g + 5E g [43] . They can be classified into internal (m 1 -m 4 ) and external (translational, T, and rotational, R) modes as described in Table 1 . Fig. 2 shows Raman spectra of the zircon phase collected in run 1 Table 1 Raman frequencies at ambient pressure (x 0 ), pressure coefficients (dx/dP), and mode Grüneisen parameters (c) of zircon-type TbVO 4 . c = (B 0 /x 0 ) Â dx/dP calculated using B 0 = 122 GPa [17] . Results are compared with the literature.
Raman mode symmetry 
Raman shift (cm up to 6.7 GPa. We observed nine out of twelve Raman peaks at ambient conditions. They can be divided in two frequency regions, the low-frequency one, 100-500 cm
À1
, and the high-frequency one, 750-950 cm
. The symmetry assignment for the Raman modes, summarized in Table 1 , has been performed in accordance with calculations and previous experiments [44] . Our frequencies at ambient pressure agree with the literature [29, 44] (E g ) and the external translational T(E g ) and T(B 1g ) modes were not detected. These modes are absent in most Raman studies performed in vanadates due to their weak Raman-scattering cross-section [43, 44] . They were only found recently in polarized Raman measurements in YVO 4 at ambient pressure [45] . Fig. 3 shows the pressure dependence of the Raman modes in the zircon phase. The experimental and calculated frequencies, pressure coefficients, and mode Grüneisen parameters (c) are given in Table 1 . The agreement between experiments and calculations is good. The Grüneisen parameters have been obtained taking the bulk modulus as B 0 = 122 GPa [17] . The pressure coefficients obtained for the observed phonons compare well with those reported by Duclos et al. [29] . The Raman modes of the zircon phase exhibit positive pressure coefficients except for the external T(E g ) mode at 154 cm À1 and the internal m 2 (B 2g ) mode at 260 cm À1 at ambient pressure. Some modes merge upon compression due to their different pressure evolution. The softening of modes might be related with a mechanical instability of the zircon phase, leading to the zircon to scheelite transition. The pressure coefficient of the
. Both values agree with the literature [29] . A totally different behavior occurs for the R(E g ) mode. It shows the largest positive pressure coefficient among the external modes of VO 4 tetrahedra; as in other vanadates [12, 15, 16, 18, 19] .
Important changes appear in Raman spectra above 6.7 GPa. This is illustrated in Fig. 2 by selected spectra measured from 8.3 to 26.3 GPa. At 8.3 GPa, the appearance of extra Raman peaks and other subtle changes suggest a phase transition. The changes are consistent with the occurrence of a zircon-scheelite transition [29] . The transition pressure agrees with that obtained from XRD [17] . Noticeably, from 6.7 to 8.3 GPa TbVO 4 changes from colorless to light yellow, suggesting an alteration of its electronic structure. To characterize this observation, we carried out reflectance measurements in polycrystalline scheelite-type TbVO 4 quenched from 12 GPa using a large-volume press [46, 47] . We found scheelite TbVO 4 to have a band-gap of 2.7 eV; i.e. 1 eV smaller than zircon TbVO 4 .
Scheelite-type TbVO 4 (space group: I4 1 /a, point group C 6 4h ) has thirteen Raman modes at the BZ center: U = 3A g + 5B g + 5E g [48, 49] . As in the zircon phase, they can be classified as internal or external modes of the VO 4 units. The symmetry assignment for the scheelite Raman modes is summarized in Table 2 . It has been performed in accordance with lattice-dynamics calculations and by comparison with previous studies in other vanadates. Out of thirteen Raman modes, we observed 12 at 8.3 GPa (see Fig. 2 ). Beyond this pressure we detect the missing mode; the low-frequency translational T(E g ) mode located at 119 cm À1 at 9.6 GPa. This mode was not reported previously because of the used experimental set-up [29] . In scheelite-type TbVO 4 , the Raman spectrum is dominated by the highest frequency mode at 861 cm À1 , the symmetric stretching mode m 1 (A g . It has a small negative coefficient, while formerly a positive value close to zero was reported [29] . Calculations confirm the softening of the T(B g ) mode which is typical of oxides that undergo the scheelite-to-fergusonite transition [50] .
In Fig. 2 we also present the results obtained from run 2. In agreement with run 1, at 8.8 GPa the transition to the scheelite phase is detected. We observed this phase (named as phase II) to remain stable up to 25.8 GPa. At 26.7 GPa changes occur in the Raman spectrum indicating the occurrence of a second transition to phase III. This transition was not detected in run 1 because it takes place at a pressure 0.4 GPa higher than the maximum pressure reached on this run. Phase III is found to be stable up to 31.4 GPa. In a subsequent compression step, at 34.4 GPa an additional phase transition to phase IV is found. This transition was previously not detected by XRD [17] . Phase IV is observed up to 36.6 GPa with no evidence of chemical decomposition or amorphization of TbVO 4 . The differences regarding phase IV could be due Table 2 Ab initio frequencies (x) at 9.1 GPa, experimental frequencies at 9.6 GPa, and pressure coefficients of scheelite-type TbVO 4 . Grüneisen parameters calculated assuming B 0 = 163 GPa [17] . Present results are compared with data calculated from Ref. [29] for P = 9.6 GPa. Phonon frequencies obtained at 1.6 GPa after pressure release are included.
Raman mode symmetry to the presence of deviatoric stresses in our sample induced by the pressure medium. These stresses were smaller in XRD experiments because neon was the pressure medium [17] . Deviatoric stresses have shown to influence the HP structural sequence in related oxides and to reduce transition pressures [51] [52] [53] . In fact, the scheelite-fergusonite transition pressure is reduced 7 GPa in the present study in comparison with the quasi-hydrostatic XRD study [17] . The fact that calculations also found the existence of a postfergusonite phase gives credibility to our experimental finding. Therefore, though the transition to phase IV here detected was not observed under quasi-hydrostatic conditions [17] , it might occur under such experimental conditions but simply at pressures higher than the highest pressure reached in Ref. [17] (49.2 GPa). Upon decompression phases III and II (scheelite) are recovered at 31.5 and 25.4 GPa, respectively. After releasing pressure the scheelite phase is recovered; see the decompression spectrum at 1.6 GPa in Fig. 2 . This indicates that the zircon to scheelite transition is irreversible, irrespective of the experiment hydrostaticity. The same fact was observed when releasing pressure from 26.3 GPa in run 1. Frequencies of the Raman modes were obtained for the scheelite phase upon pressure release at 1.6 GPa. Table 3 summarizes the eighteen Raman-active modes detected in phase III and their pressure coefficients. The possible crystal structures and phonons of phases III and IV will be discussed in next section. As we will show, there is enough evidence to assign phase III to the fergusonite structure. Fig. 4 shows the energy as a function of volume curves for the calculated structures. A transition occurs when two phases have the same Gibbs free energy at the transition pressure. The zeropoint energy and the temperature effects were included using the quasi-harmonic approximation [54] [55] [56] . After calculating the PDOS, we compute the vibrational contribution to the Helmholtz free energy, F vib [41] , which includes the effect of finite temperature and zero-point motion effects. The Gibbs free energy, G = U + PV + F vib , is the relevant thermodynamics function to define the transition pressure at T > 0 K. The Gibbs free-energy differences (taking zircon as reference) as a function of pressure are shown in the inset of Fig. 4 for the relevant structures at 300 K. The rest of the calculated structures are very high in energy and are not candidates for HP phases. The considered structures include not only zircon, scheelite, and fergusonite structures (C2/c standard setting and I2/a non-standard setting), but also orthorhombic structures previously proposed for related compounds (Cmca and SrUO 4 -type) [57] , and monoclinic monazite-type (P2 1 /n) [58] and BaWO4-II-type (P2 1 /n) [51] structures. Our study indicates that the zircon-type is the structure of TbVO 4 with the lowest Gibbs free energy at ambient pressure. The calculated structural parameters at ambient pressure and selected pressures for the different phases are given in Table 4 . A fit with a Birch-Murnaghan fourth-order equation of state (EOS) [59] gives for the zircon structure values in good agreement with experimental results: V 0 = 332.45 Å . The equilibrium volume V 0 is overestimated by 2.4%, as usual with the GGA Fig. 4 . Energy-volume curves calculated for TbVO 4 . Since the total-energy curves of scheelite and fergusonite structures overlap, we remark the stability range of scheelite phase (fergusonite phase) using a solid (dashed) line. The inset shows differences in Gibbs free energy with respect to the zircon phase.
Structural calculations
approximation [60, 61] . The bulk modulus B 0 is overestimated by a similar proportion with respect to the experimental value. Upon compression calculations predict the occurrence of several phase transitions: zircon-to-scheelite at 5.4 GPa, scheelite-to-fergusonite at 26 GPa, and fergusonite-to-Cmca at 32.8 GPa. The structures of the three HP phases are shown in Fig. 1 . The first transition is in agreement with present and previous experiments. It is a first-order transition that involves a large volume collapse (DV/V = 11.02%). The tetragonal scheelite-type structure also consists of TbO 8 bisdisphenoids and VO 4 tetrahedra [57] . The structural relation between both zircon and scheelite structures has been nicely described by Nyman et al. [62] . The scheelite-to-fergusonite transition is more subtle than the zirconto-scheelite transition. Structural optimization indicates that the fergusonite structure, which is a slight monoclinic distortion of the scheelite structure [57] , reduces to scheelite below 24 GPa. This can be seen in Fig. 5 where we represent the monoclinic b angle of the fergusonite phase versus pressure. Calculations were carried out using the standard setting, but in order to better illustrate the relationship between fergusonite and scheelite structures, we used in Fig. 5 the b angle of the non-standard I2/a setting of the fergusonite structure [57] (in this description for b = 90°and a = c the fergusonite structure reduces into scheelite structure). According to calculations, the fergusonite phase only emerges as the thermodynamically stable phase above a compression threshold of about 26 GPa. However, the energy and the Gibbs free-energy differences in favor of fergusonite are so small that cannot be easily distinguished in Fig. 4 . The transition pressure for the second transition is consistent with the transition pressure of the second transition detected in Raman experiments. The scheelite-to-fergusonite phase transition is a continuous or quasi-continuous transformation with no volume collapse and no change in the atomic coordination. This transition is of second-order nature according to Landau's theory and has been previously detected in many orthotungstates and orthomolybdates, and in some orthovanadates, like YVO 4 and ScVO 4 [12, 15, 50, 63, 64] .
In the course of structural optimization under further compression, we have arrived to a structure that becomes thermodynamically more stable than zircon, scheelite, and fergusonite phases at 32.8 GPa and higher pressures in TbVO 4 . This structure has an orthorhombic symmetry, with space group Cmca and double number of atoms in the unit cell (Z = 8) than the other structures. In this structure, the Tb and V cations are surrounded by eleven and seven oxygen atoms, respectively; i.e. the coordination number increases for both cations. In addition, the average interatomic distances are enlarged in each coordination polyhedron. The fergusonite-Cmca transition occurs at a pressure similar to the experimental transition pressure to phase IV. The transition involves a large volume collapse of DV/V = 11.8%, which is consistent with the experimental 3 GPa hysteresis associated to this transition. As we will discuss latter, the Cmca structure supposes an increase of the number of Raman-active modes. We would like to add here, that we found another orthorhombic structure, SrUO 4 -type (space group: Pbcm) to be thermodynamically competitive regarding stability with the Cmca structure (see Fig. 4 ). However, we found the SrUO 4 -type structure to have six phonons with imaginary frequencies (one Raman, one silent, and four infrared modes), being therefore dynamically unstable. This fact leaded to the exclusion of this structure as a candidate HP phase of TbVO 4 . . None of the structures shows anomalous positive values for the second pressure derivative of the bulk modulus. Therefore, the rate at which the four phases become stiffer decreases with increasing pressure. Note that the scheelite phase is less compressible than the zircon phase. This fact has been observed in other vanadates [17] and in phosphates [20] . It is related with the increase of the packing efficiency in the scheelite structure. The calculated bulk modulus at ambient pressure for scheelite TbVO 4 is approximately 12% smaller than the measured one [17] . Changes in compression are less important at the scheelite-to-fergusonite transition as observed in molybdates [64] and tungstates [57] . For the orthorhombic structure an interesting fact is predicted by calculations: a reduction of 7% of the bulk modulus in the HP Cmca phase. This fact is apparently in contradiction with the large density increase associated to the fergusonite-Cmca transition. Similar phenomena, although not common, have been also reported for other simpler pressure-driven phase transitions; e.g. the B1-B2 transformation in alkali halides [65] . According to Hofmeister [65] , the bulk modulus decrease upon transformation can be caused by a large decrease in bond strength, which in our case is consistent with the increase of average interatomic distances associated to the fergusonite-Cmca transition. More recently, the reduction of the bulk modulus after a volume-collapse transition was explained as a manifestation of a localized-to-delocalized electronic transition [66] . In the present case, calculations support this hypothesis. In particular, they show that the unexpected reduction of the bulk modulus is related to the well-known f-electron delocalization induced by pressure in lanthanides [67] [68] [69] . The delocalization of the f-electrons should weaken some of the Tb-O bonds under pressure in phase IV (which is also in agreement with the hypothesis of Hofmeister). This fact is reflected by the softening of several phonons in phase IV, as we will describe in the next section.
Lattice-dynamics calculations
In order to correlate changes observed in the Raman spectra with phase transitions predicted by theory, we conducted latticedynamics calculations using the method described in Section 3. These calculations were performed after structural optimization. From them, we have obtained the frequencies and pressure dependence of all normal modes in the zircon, scheelite, fergusonite, and Cmca phases. For the sake of briefness we will report here only the calculated Raman frequencies, which are given in Tables 1-3 and  Table 5 together with the experimental ones. Fig. 3 shows the pressure dependence of the calculated Raman frequencies for the zircon, scheelite, and fergusonite phases. There is very good overall agreement between calculations and experiments for the zircon structure (see Table 1 ).
In addition to Raman modes, there is a notable feature that deserves to be remarked. It is the behavior of the B 1u silent mode (95.6 cm À1 at ambient pressure) of the zircon phase. This mode has a strong non-linear dependence. It can be assigned to rotations of rigid (VO 4 ) 3À units and transforms to an also silent B u symmetry mode in the scheelite phase. We found it to exhibit a soft-mode behavior with pressure. At 7.2 GPa, its frequency becomes imaginary. A plot of calculated frequency of this soft mode versus pressure is given in Fig. 6 . We believe the presence of this mode and the two Raman-active soft modes is related to dynamical instabilities of the zircon structure as proposed for TmPO 4 [70] . The possible transition mechanisms involved in the zircon-scheelite transition have been already discussed in the literature and are beyond the scope of this work [71, 72] . We will just mention here that the transition is first-order reconstructive. This fact explains why the scheelite is metastable at ambient pressure and why TbVO 4 do not revert to the zircon phase after release of pressure. In particular, during the zircon-scheelite transition the lattice undergoes a homogeneous deformation accompanied by an internal structural reorganization. This is not the case for the scheelite-fergusonite transition which is second order-like [48] . This ferroelastic transition is attributed to small displacements of the cations from their high-symmetry positions and to gradual changes in the O positions [73] . Regarding the scheelite structure, the agreement of calculations with experiments is excellent, being the pressure coefficients in general slightly underestimated (see Table 2 ). Calculations, as experiments, found the existence of a soft mode (B g 140 cm
À1
). This mode is typical of scheelite-type compounds [48] and is related to the occurrence of the ferroelastic scheelite-fergusonite transition. In particular, the atomic movements associated to this mode are consistent with the displacement of the VO 4 at the scheelite-to-fergusonite transition [74] . Calculations, as experiments, show a merging of Raman modes under compression due to their different evolution (see Fig. 3 ).
As described before, calculations found that the post-scheelite HP phase has a monoclinic fergusonite structure. The fergusonite phase (space group C2/c or I2/a, point group C 6 2h ) has eighteen first-order Raman modes at the BZ center: C = 8A g + 10B g . The correlation between the scheelite and fergusonite Raman modes is as follows: every A g and B g scheelite mode converts into an A g mode of monoclinic symmetry while every doubly degenerate E g mode converts into two B g modes. The calculated phonons qualitatively reproduce the measured Raman spectra for phase III. In Fig. 2 , the ticks below the Raman spectrum measured at 31.4 GPa give the position of the calculated modes. For the pressure coefficients the agreement is not as good as for the frequencies (see Table 3 ), giving calculations larger pressure coefficients than experiments. According to theory, there are four high-frequency internal modes in the fergusonite phase [48, 49] as found in the experiments for phase III. Besides, calculations and experiments show the appearance of three modes in the frequency region corresponding to the phonon gap of scheelite (consequently the phonon gap is reduced). According to calculations, the fergusonite phase has one soft-mode, the lowest frequency A g mode (see Table 3 ), which has a pressure coefficient of À0.58 cm . A possible cause for this discrepancy could be the fact that calculations are performed neglecting anharmonic effects. Based upon the above describe similarities between the results extracted from Raman measurements and lattice-dynamics calculations, in the structural calculations, and in the detection of the fergusonite phase in XRD experiments [17] , we conclude that there is enough evidence to confirm that TbVO 4 follows the zirconscheelite-fergusonite structural sequence as the isomorphic compounds with small trivalent cations [12, 14, 15] ; e.g. Eu and Lu.
Finally, we will comment on the Raman modes of the orthorhombic Cmca structure (point group symmetry D 2h ). It has 36 Raman modes: C = 9B 1g + 7B 2g + 11B 3g + 9A g . The calculated modes and pressure coefficients are summarized in Table 5 . The duplication of the number of modes (and the enhancement of deviatoric stresses due to the used pressure medium) can be the cause of the appearance of broad bands in the Raman spectrum of phase IV. According to calculations, the Cmca phase has two Raman soft-modes (231.1 and 720.3 cm
) and the hardest mode is the highest frequency B 2g mode (748.2 cm
). There are also two infrared-active modes with symmetry B 1u and B 2u that softens under compression. In comparison with experiments, there is a noticeable difference. All calculated modes have frequencies smaller than 807 cm À1 . A possible explanation to the presence of these modes might be the coexistence of phases III and IV at pressure higher than the transition onset. Unfortunately, in the experiments there are several modes detected between 800 and 1000 cm À1 . Therefore, no definitive conclusions can be extracted on the crystal structure of phase IV. Further theoretical and experimental studies are needed to clarify this point.
Conclusions
Our combined experimental and theoretical study of terbium orthovanadate up to 36.6 GPa confirms that the low-pressure zircon phase undergoes an irreversible zircon-to-scheelite phase transition above 6.7 GPa. In addition, a scheelite-to-fergusonite phase transition is detected at 26.7 GPa. Evidence of a third transition is found at 34.4 GPa. Calculations suggest that the phase observed beyond 34.4 GPa may have an orthorhombic structure. On release of pressure, the last two transitions are reversible. Scheelite-fergusonite with little hysteresis and fergusonite-phase IV with a 3 GPa hysteresis. On the contrary, below 25.4 GPa the sample retains the metastable scheelite phase even at ambient pressure. The symmetries of the Raman modes in the zircon, scheelite, fergusonite, and orthorhombic phases of TbVO 4 have been assigned by use of lattice-dynamics calculations. In general, a good agreement is found between experiments and theory. The calculated equations of state for the four polymorphs are also reported. An anomalous increase of compressibility is predicted for the fergusonite-to-Cmca phase transition. It is apparently associated to a bond weakening and a pressure-induced delocalization of f-electrons of Tb. The search of the fergusonite-orthorhombic phase transition under nearly hydrostatic conditions and the study of its experimental high compressibility might be of great interest and a future interesting research line. 
